demonstrated that the gene (trh) encoding a thermostable direct hemolysin-related hemolysin was strongly associated with clinical strains of Vibrio parahaemolyticus. Strain-to-strain variation in the intensities of the hybridization signals observed in the above study also suggested that the trh genes in different strains may have significantly divergent nucleotide sequences. To assess the public health significance of the rare environmental strains which exhibited very weak hybridization signals with the trh gene-specific DNA probe, the trh-like sequence was cloned from one of the environmental strains and the nucleotide sequence was determined in this study. A hemolysin gene (trh2) which was 84% homologous to the trh gene (newly named trhl) and 54.8 to 68.8% homologous to the genes (tdh) encoding thermostable direct hemolysins was detected in the cloned sequence. The trh2 gene product showed a profile of hemolytic activities against various animal erythrocytes different from that of the trhl gene product. The trh2 gene product was antigenically related (partially identical) to the trhl and tdh gene products.
Vibno parahaemolyticus is an agent of diarrhea. It has been isolated from both clinical and nonclinical sources, including estuarine and marine environments (12) . Thermostable direct hemolysin (TDH) of V. parahaemolyticus has been considered a very important virulence factor because past studies indicated that the Kanagawa phenomenon (KP), i.e., beta-hemolysis exhibited by TDH in a special blood agar (Wagatsuma agar), was associated almost exclusively with clinical strains (18, 29) . Molecular genetic studies of the gene (tdh) encoding TDH revealed that KP-positive strains carry two copies of the tdh gene (11, 24) and that 16% of KP-negative strains and some clinical strains belonging to Vibrio species other than V. parahaemolyticus also possess the tdh gene (1, 34, 37) . Recently, a KP-negative clinical strain of V. parahaemolyticus not possessing the tdh gene was shown to produce a hemolysin (TDH-related hemolysin [TRH] ) antigenically related to TDH (9) . Molecular genetic analysis of the gene (trh) encoding TRH revealed that the trh gene was 68% homologous to the tdh gene (27) . A subsequent molecular epidemiologic study employing the DNA probes specific to the tdh and trh genes demonstrated that the tdh or the trh gene or both are strongly associated with clinical strains; therefore, TRH as well as TDH were considered important virulence factors of V. parahaemolyticus (30) . However, the intensities of the hybridization signals with the trh gene-specific DNA probe in the DNA colony hybridization test varied from strain to strain when compared visually; the hybridization signals observed with * Corresponding author. 19 .75% of the trh probe-positive clinical strains were relatively weak (discernibly weaker than the positive controls). In addition, 7.0% of the test strains isolated from environmental sources manifested very weak (barely detectable) hybridization signals with the trh gene-specific DNA probe in the DNA colony blot hybridization test (30) . Furthermore, only 37.5% of the representative trh gene-positive strains produced TRH detectable by an enzyme-linked immunosorbent assay (ELISA) method with polyclonal anti-TRH serum (30) . These results suggested that the trh genes in many strains may have nucleotide sequence variations that significantly alter the antigenicity of TRH (30) .
To assess the public health significance of the environmental strains manifesting very weak hybridization signals with the trh gene probe, we have cloned the nucleotide sequence responsible for the very weak hybridization signal from a representative strain and analyzed the nucleotide sequence. The very weak hybridization signal was due to a variant of the trh gene (named trh2) which was 84% homologous to the trh (newly named trhl in this study) gene. We then analyzed the product of the trh2 gene and examined the former trhl probe-positive strains in more detail by hybridization methods with probes specific to the trhl and trh2 genes. The results lead us to conclude that strains possessing not only the trhl gene but also the trh2 gene should be considered potentially virulent. molyticus. V. parahaemolyticus strains including AT4 and the strains belonging to other species of the genus Vibrio used in this study were laboratory stock strains described previously (30) . Escherichia coli HB101 (23), DH5 (24) , MV1184 (36) , and CSR603 (5) were described previously. All organisms except E. coli MV1184 were grown in LB medium (17) . YT medium (17) was employed to propagate E. coli MV1184 harboring plasmids. When necessary, the medium was supplemented with an appropriate antibiotic(s) (to maintain a plasmid or a bacteriophage or both) or with 10 mM isopropyl-o-D-thiogalactoside (to induce the tac promoter).
Plasmids pBR322 (4), pUC9 (35) , pUC119 (36) , ptac-85 (16) , and pKTN102 (30) were described previously. A recombinant plasmid, pCVD540 (20) , was constructed by cloning a 1.2-kb EcoRI fragment of pCVD539 (25) carrying the tdh2 gene into the EcoRI site of pBR322 in the orientation opposite that of pCVD539. Plasmids pKTN104, pKTN113, pKTN909, pKTN907, and pKTN908 were constructed in this study (described below).
General genetic techniques. Cellular DNA was extracted by the method described previously (25) . Digestion of DNA with restriction enzymes, gel electrophoresis, isolation of DNA fragments from the gel, ligation, and transformation were performed as described previously (23) .
Cloning the trh-like sequence. The HindlIl digest of total DNA of strain AT4 was size fractionated by agarose gel electrophoresis, and DNA fragments of approximately 4.4 kb were isolated and ligated with HindIII-cleaved and bacterial alkaline phosphatase-treated pBR322. The ligation mixture was used to transform E. coli HB101. The transformants grown on LB agar containing ampicillin were screened by the DNA colony blot hybridization test with the trh gene probe as described previously (23, 30) , except that the hybridization was performed under reduced-stringency (in solution containing 40% formamide) rather than highstringency (in solution containing 50% formamide) conditions. The plasmid extracted from the probe-positive colony was confirmed to contain a 4.4-kb HindIlI insert by restriction analysis.
Nucleotide sequence analysis. The 1.5-kb ClaI fragment of pKTN104 was cloned into pUC119 in both orientations. Deletions of various sizes were introduced into the insert by the method of Henikoff (8) and transformed into E. coli MV1184, and then single-stranded DNA was prepared by the method of Vieira and Messing (36) . The DNA sequence was determined by the dideoxy chain termination method of Mizusawa et al. (19) . The amino acid sequence deduced from the nucleotide sequence of the gene was analyzed for hydropathic profile by the method of Kyte and Doolittle (13) and for possible secondary structure by the method of Chou and Fasman (6) .
Analysis of the intracellular hemolysin produced in E. coli. Lysates of the E. coli strains harboring various plasmids were prepared as described previously (23) , and hemolytic activities of the lysates were examined by the blood agarose (washed erythrocytes incorporated in melted buffered agarose) method as described previously (23) with the modification that the concentration of the erythrocytes was changed as specified.
Ouchterlony double gel diffusion analysis with anti-TRH or anti-TDH serum was performed as described previously (23) . The antigens used were the lysate of E. coli DH5(pKTN102) grown with induction of the tac promoter which contained the trhl gene product, the lysate of E. coli DH5(pKTN113) grown with induction of the tac promoter which contained the trh2 gene product, and the lysate of E. coli HBlOl(pCVD540) containing the tdh2 gene product.
The bead-ELISA method with anti-TRH serum was carried out as described previously (28) .
Maxicell analysis was performed with E. coli CSR603 as the host strain, as described by Boulnois and Timmis (5) .
DNA and oligonucleotide probes. To construct a trh2 gene-specific DNA probe, a 409-bp Sau3AI-TaqI fragment of pKTN907, which is internal to the trh2 coding region and has 72% nucleotide sequence homology with the corresponding region of the trh (=trhl) gene (27) , was subcloned into the SmaI site of pUC9 by blunt-end ligation. Digestion of the resulting plasmid, pKTN909, at the sites immediately flanking the cloning sites with BamHI and EcoRI gave a 419-bp DNA fragment. This DNA fragment was isolated and labeled by the random priming method with 32P-labeled dCTP (7) .
DNA probes specific to the trh (=trhl) (30) and tdh (22) genes were prepared as described previously.
The sequences of the oligonucleotide probes specific to the trhl gene (probes Al and Bi), the trh2 gene (probes A2 and B2), or both (probe C) were selected as described below. The oligodeoxyribonucleotides were prepared and were labeled with 32P as described previously (31) . DNA colony blot hybridization test. DNA colony blots were prepared as described previously (22) . The DNA colony hybridization test with DNA probes was performed under high-stringency conditions as described previously (22) or under reduced-stringency conditions as described above. The DNA colony hybridization test with oligonucleotide probes was carried out under high-stringency conditions as described previously (21) . The high-stringency conditions for each oligonucleotide probe were determined empirically as described previously (21) -TAT -TT GCA AA-70  80  90  100  110   TTC AGT TTG CTA TTG GTT TCA ATA TTT TCA ATA TCT AMA TCA TTC GCG ATT GAT - 120  130  140  150  160  170 CTG CCA TCA ATA CCT TTT CCT TCT CCT GGT TCC GAT GAG CTA TTA TTT GTT GTT 
290 300 310 320 330 ATT TAA ATAATATAAATCACCACCTGATGGTGGTGATTTATACCTCCATCTCTATTAT (14) is underlined. --s, inverted repeat sequence.
in Fig. 1) . A sequence homologous to the consensus sequence of the E. coli Shine-Dalgarno sequence (14) . 1) ; thus, this trh-like hemolysin gene and the trh gene (30) were designated the trh2 and trhl genes, respectively. The coding region of trh2 was 54.8 to 68.8% homologous to those of the tdh genes so far reported (Table  1) . A detailed comparison with a representative tdh gene (tdh2), the gene mainly responsible for the production of extracellular TDH of KP-positive strains of V. parahaemolyticus (24, 25) , is shown in Fig. 1 .
The trh2 gene encoded a polypeptide composed of 189 amino acid residues which differed from the products of the trhl and tdh2 genes by 30 and 69 residues, respectively (Fig.  2) . Assuming that, like the trhl and tdh2 gene products (23, 27) , the first 24 amino acid residues of the trh2 gene product constitute a putative signal peptide, the calculated molecular weight of the preprotein is 21,312 and that of the mature protein is 18,547. The hydropathic profile and predicted secondary structure of the trh2 gene product were similar to those of the trhl and tdh gene products (data not shown).
Analysis of the trh2 gene product. The 1.5-kb Clal fragment of pKTN104 carrying the trh2 gene was subcloned into the AccI site of pUC119 in both orientations (pKTN907 and pKTN908); pKTN907 had the trh2 gene in the same orien- 
Comparison of the deduced amino acid sequences of the products of the trh2, trhl, and tdh2 genes. Sequences of the trhl and tdh2 gene products are taken from previous studies (24, 27 ). -, same amino acid residue as that of the trh2 gene product.
tation as that of the lac promoter of the vector. Intracellular production of hemolysin in E. coli HB101 from the trh2 gene was examined first with these two recombinant plasmids. The substance hemolytic to calf or sheep erythrocytes could not be detected, nor could the substance antigenically related to TRH (bead-ELISA method). Then profiles of the proteins produced from plasmids pKTN907 and pKTN908 in E. coli were examined by the maxicell method. However, the protein corresponding in size to the trh2 gene product could not be detected (data not shown).
Next, the trh2 gene was cloned under the control of the inducible tac promoter in expression vector ptac-85. For this, a 1.5-kb BamHI-HindIII fragment containing the trh2 gene was isolated from pKTN908 and cloned into the BamHI and Sall (blunt-end ligation) sites of ptac-85. A profile of the proteins produced from the resulting plasmid, pKTN113, was compared with those from pKTN102 (the trhl gene cloned into ptac-85 under the control of the tac promoter [30] ) and ptac-85 by the maxicell method (Fig. 3) . Because of the expression promoted by the tac promoter, the trh2 gene product (lane 6 in Fig. 3 ), which migrated in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at the same position as that of the trhl gene product (lane 4 in Fig. 3 ), was detected (indicated by the arrow). The migration of the trhl gene product relative to those of the molecular weight marker proteins was similar to that of purified TRH reported previously (9, 30) . The expression level of the induced trh2 gene (lane 6 in Fig. 3 ) was a little higher than that of the uninduced trhl gene (lane 3 in Fig. 3 ) but was much lower than that of the induced trhl gene (lane 4 in Fig.  3) . A possible reason for the difference in the expression level is discussed below.
The products of the trh2 and trhl genes produced intracellularly from plasmids pKTN113 and pKTN102, respectively, in E. coli DH5 were compared for hemolytic activity, using various animal erythrocytes, by the blood agarose method (Fig. 4) . As reported previously (9), the trhl gene product was hemolytic to human, rabbit, sheep, and calf erythrocytes (samples 3 and 4 in Fig. 4A to D tively weak (sample 6 in Fig. 4A and B) . The trh2 gene product did not show any hemolytic activity against sheep and calf erythrocytes even when lower concentrations of the erythrocytes (2.5 and 1.25% in place of 5%) were employed to prepare the blood agarose (data not shown). The weak hemolytic activity of the trh2 gene product does not seem to be attributable to the low level of gene expression; the trhl gene product obtained with the uninduced tac promoter had more hemolytic activity than the trh2 gene product obtained with the induced tac promoter, although the expression level was lower in the former than in the latter (samples 3 and 6 in Fig. 3 ; cf. samples 3 and 6 in Fig. 4A and B) . In fact, the latter preparation was considered to contain the trh2 gene product in a significant concentration because it produced precipitation lines with anti-TRH and anti-TDH sera in Ouchterlony analysis, as shown below.
The trh2 gene product contained in the lysate of E. coli DH5(pKTN113) was used to examine the antigenic relationship among the products of the trh2, trhl, and tdh2 genes.
Ouchterlony double gel diffusion analysis showed that the trh2 gene product was antigenically related (partially identical) to the trhl gene product and the antigen(s) shared by the trh2 gene product and the trhl gene product was present in the tdh2 gene product (Fig. 5A) . The trh2 gene product was also shown to share part of the antigens with the tdh2 gene product, and the antigen(s) common to the trh2 gene and the tdh2 gene products was present in the trhl gene product (Fig. 5B) . with the same probe in a previous study (30) . As in the previous study (30) , the hybridization signals were compared visually. Of the 285 strains, 136 strains gave positive results with the tdh gene probe, and little strain-to-strain variation in the intensity of the hybridization signal was observed. The five environmental strains giving very weak ti-hi-positive results gave much stronger hybridization signals with the ti-h2 gene probe. The 52 clinical strains which were judged to be ti-hi positive in the previous study (30) gave hybridization signals, but with varying intensities, with both the ti-hi and trh2 gene probes. The results indicated that each of these 52 strains has a gene related to the t-hi and tih2 genes and that these genes could be clustered into two subgroups represented by the ti-hi and trh2 genes. Possession of the gene in most strains could be inferred by comparing the intensities of the hybridization signals with the ti-hi and trh2 gene probes, Strain-to-strain variation in the trhl and trh2 gene sequences. The observed strain-to-strain variation in the intensities of the hybridization signals and the restriction fragment length polymorphism suggested considerable strain-tostrain variation in the trhl and trh2 gene sequences. To test this possibility, selected regions of the gene were examined by a sensitive hybridization method with oligonucleotide probes (26) . After comparison of the trhl and trh2 gene sequences (Fig. 1) , three regions within the coding sequences were selected for preparing the probes: two regions where the two gene sequences differ significantly (6 Fig. 1 ). Five 20-mer oligonucleotide probes were prepared to detect the nucleotide sequences of the three regions of the trhl and trh2 genes (Table 3 ). These five probes were used to examine 39 strains possessing the trhl gene and 42 strains possessing the trh2 gene (Table 2 ) by the DNA colony blot hybridization test under high-stringency conditions. The results are summarized in Table 3 . None of the 81 test strains gave negative results with probe C, although 12 strains had minor variations (weakly positive results), indicating that the sequence of region C is well conserved in both the trhl-and trh2-carrying strains. On the other hand, considerable strain-tostrain variation was seen in variable regions A and B. The variation in regions A and B was particularly prominent among the trhl-and trh2-carrying strains, respectively; 22 results even with trh2-specific probe B2. The results indicate that the nucleotide sequences of the trhl and trh2 genes in various strains vary to different degrees in regions A and B.
DISCUSSION
This study presents evidence supporting the hypothesis on variation of the trh gene which was suggested by our previous study (30) . The trh (=trhl) gene was cloned from a clinical strain (27) . A hybridization test with the trhl-specific DNA probe detected V. parahaemolyticus strains exhibiting weaker hybridization signals than other strains (30) . In this study, a DNA sequence of an environmental strain manifesting a very weak hybridization signal with the trhl-specific DNA probe was analyzed first. The DNA sequence was found to contain a hemolysin gene and this gene was named trh2, a variant of the trh gene, because it was more closely related to the trhl gene (84% homology) than to various tdh genes (54.8 to 68.8% homology). Interestingly, like all the tdh genes and the trhl gene, the trh2 gene encoded a hemolysin composed of 189 amino acid residues and the trh2 gene product had a hydropathic profile and a predicted secondary structure similar to those of the tdh and trhl gene products. DNA colony blot and Southern blot hybridization analyses with the trhl and trh2 gene-specific DNA probes were carried out next. The strains which exhibited hybridization signals, but of varying intensities, with the trhlspecific DNA probe in the previous study (30) could be clustered into two subgroups (trhl and trh2) on the basis of the intensity of the hybridization signals with the two DNA probes. The results of this grouping very closely agreed with those of the grouping of the same strains by a polymerase chain reaction-based method that we have done recently (32) . Furthermore, considerable strain-to-strain variation in the nucleotide sequences of the trhl and trh2 genes was demonstrated by a sensitive method employing oligonucleotide probes. Variations to different degrees were observed in the regions where the prototype trhl and trh2 sequences differed significantly. These results indicate that considerable nucleotide sequence variation exists in the trh genes represented by the trhl and trh2 genes, but variable regions A and B are considered to represent evolutionary divergence between the trhl and trh2 genes to some degree. This explains the strain-to-strain variation in the intensity of the hybridization signals with the trhl-specific DNA probe that we observed previously (30) . The considerable sequence variation of the trh gene was in contrast to the slight sequence variation in the tdh genes of V. parahaemolyticus; little strain-to-strain variation in the intensity of the hybridization signal with the tdh gene probe was observed, and the seven tdh genes so far sequenced (Table 1) had sequence divergence of <3.3%. The tdh gene may be a relatively new gene cluster in evolution.
Variation in the nucleotide sequence of the trh genes may influence various characteristics of the gene products. The differences in the nucleotide sequences between the tril and trh2 genes were reflected in the differences in the deduced amino acid sequences (Fig. 2) and thus in the hemolytic character (Fig. 4) and antigenicity (Fig. 5) of the gene products. The trh2 gene product was hemolytic to human and rabbit erythrocytes only and the hemolytic activities were relatively weak. We have recently detected the amino acid residues important for the hemolytic activity of TDH by a mutagenesis method directed to the amino acid residues conserved among the products of various tdh genes and the trhl gene. The results indicated that tryptophan and leucine at positions 65 and 66, respectively, from the N terminus of the mature proteins are particularly important (3). These two residues are also conserved at the corresponding positions in the deduced amino acid sequence of the trh2 gene product (positions 89 and 90 in Fig. 2) . The other amino acid residues, possibly influencing the molecular conformation or binding ability with erythrocytes, are considered to be responsible for the weak or lack of hemolytic activity of the trh2 gene product.
The trh2 gene product was antigenically related, but only partly identical, to the trhl gene product (Fig. 5A) . The trh2 gene product also shared an antigenic determinant(s) with Fig. 1 ); B2, trh2-specific probe for region B; C, trhl-and trh2-specific probe for region C (positions 387 to 406 in Fig. 1 ).
bDetermined by the DNA blot hybridization test and Southern blot analysis with trhl-and trh2-specific DNA probes (Table 2) . cBy visual comparison of the intensities of hybridization signals, the strains were divided into three groups: positive, strains giving signals as intense as the positive control (strain AQ4037 for the trh l gene or strain AT4 for the trh2 gene); weakly positive, strains giving signals discernibly weaker than the positive control; negative, strains giving no detectable signal.
To facilitate analysis of the gene products, expression of the trhl and trh2 genes was promoted by the induced tac promoter. The expression level of the trhl gene was considerably higher than that of the trh2 gene (lanes 4 and 6 in Fig.  3 ). The important difference between the two constructs (pKTN102 and pKTN113) is considered the length of the cloned upstream sequence of each gene; 38-and 253-bp upstream sequences were cloned along with the coding regions of the trhl and trh2 genes, respectively. This was simply due to differences in the restriction sites in the upstream sequences. The upstream sequence of the trh2 gene lacked an AvaI site at a point 38 bp upstream of the coding region because of a single base substitution. Therefore, the DNA fragment carrying trh2 was excised by using a ClaI site present 253 bp upstream of the coding region. Although not shown in Fig. 1 , the nucleotide sequence of the 253-bp upstream sequence of the trh2 coding region was not significantly different (77% homology) from that of the corresponding region of the trhl gene (15) . It seems, therefore, that the sequence present between 38 and 253 bp upstream of the coding region of the trh2 gene (and probably the trhl gene as well) is associated with inhibition of gene expression in E. coli. Neither an inverted repeat sequence nor a direct repeat sequence was found in this region (data not shown). Interestingly, the corresponding region of the tdh gene was found to be important for regulation of cloned tdh gene expression by a cloned regulator in an E. coli background (15) . Although the nucleotide sequence of this region differs significantly in the tdh and trh (trhl and trh2) genes, this region may also be involved in regulation of the expression of the trh genes.
In summary, the product of the trh2 gene of the environmental strain AT4 was hemolytic, although the activity was weak. In addition, the gene classified as trh2 rather than the trhl gene was detected not only in rare environmental strains but also in a significant number of clinical strains (Table 2) . Therefore, we conclude that the strains possessing the trh gene, including the trh2 gene group, should be considered potentially virulent.
